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II. Abstract '
Tha compounds [NEt4][MoO(SPh)4] and [AsPh4] [MoO(S-2,4,6- 
iPrj-Ph)4] hava baan prepared by literature methods and tha MCD 
and visible spectra recorded. The spectra have been studied 
and compared to those of the [MoOX4]* compounds (X «■ Cl, Br) and 
general trends in both ligand field and charge transfer 
transitions noted. Examination of these spectra has led to the 
construction of a molecular orbital diagram that shows the dl 
electron in a 4dn orbital. The metal d orbitals in order of 
increasing energy are: dxy < dx., dy. < < in all
systems. However, the ordering of the (primarily) non-bonding 
and bonding sulfur p orbitals has been shown to be quite 
different in the thiolato compounds, as compared with the bromo 
and chloro compounds. Implications for the native enzyme due 
to structural and geometrical arrangements of ligands, as 
verified by MCD, has also been suggested. Visible spectra for 
the thiolato compounds were used to assist in band assignments.
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Although molybdenum is one of the rarer transition metals 
in the lithosphere (1.5 ppm),1 its biological role is 
nonetheless essential. Molybdoenzymes are involved in 
processes important to agriculture and all plant life 
(dinitrogen fixation and nitrate reduction), and in the crucial 
detoxifying process of sulfite oxidation in humans and other 
animals.1,2 It is the essential and diverse biological roles of 
these enzymes that make them an attractive area of 
investigation.
Molybdenum enzymes are all fairly large proteins which 
contain a low molecular weight (1.0-1.5 kd) prosthetic group 
with a Mo center, known as the cofactor, which is essential for 
catalysis. These enzymes may contain two types of cofactors:
1) those which utilize both Fe and Mo in the active sites; and
2) those which contain only Mo.1 The compounds under 
investigation here were modeled after the latter class of 
enzymes.
Determination of the structure of the molybdenum cofactor 
(Mo-co) has been difficult due to its instability under aerobic 
and even anaerobic conditions.3 After separation from the Mo 
proteins, the Mo-co suffers a loss of activity and generates 
multiple species. These factors have made it impossible as yet 
to isolate the active material for structural and spectroscopic
Ill* Introduction
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studies.4 Partial characterization of Mo-co through its 
degradation products has, however, lad to the suggestion that 
the metal center is bound to two sulfur atoms which belong to 
a 1,2-dithiolene group which is part of the 0 6  substituent of 
a reduced pterin (Figure 1).5,6,7 The remaining two sulfur atoms 
are donated from the cysteine residues of the protein.6 EPR 
(electron paramagnetic resonance) and EXAFS (X-ray absorption 
extended fine structure) studies of Mo-co have indicated the 
coordination of Mo to both terminal oxo and to sulfur 
groups.5,8,9*10 Due to the instability of the native cofactor, 
molybdenum complexes with oxo and thiolato ligands have been 
studied as model systems in order to investigate the electronic 
and electrochemical nature of molybdoenzymes.11,12
Compounds involving the [MoO(SAr)4]' (Ar * phenyl, 2,4,6- 
triisopropylphenyl) anion were chosen for investigation based 
on their resemblance to the active sites of Mo enzymes, which 
cycle between oxidation states VI, V, and IV during enzyme 
turnover.8 All of the known Mo enzymes except nitrogenase 
exhibit EPR signals that can be assigned to Mov.15 Two 
additional reasons for study are: 1) mononuclear molybdenum 
(V) bonded to sulfur ligands may be involved in some molybdo- 
iron redox enzyme systems; and 2) the presence of thiolato 
ligands unconstrained by chelation is significant as a 
reference structure.14 With regard to the redox chemistry of
E 
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Figure 1. Structure of the molybdenum cofactor
molybdoenzymes, oxidation of the Mo center has boon shown to 
involve oxo and sulfur ligands1 and has led to investigation of 
the redox properties of oxomolybdenum thiolates.15,16 Model 
studies involving Mo/S and Mo/O/S complexes allow investigation 
of the influences of specific Mo coordination environments on 
reactivity of the sulfur ligands.17 An investigation of the 
nature of the electronic promotions from sulfur ligands in 
these model systems may help to elucidate electronic 
interactions involving the Mo active site.
As mentioned earlier, EXAFS and EPR spectroscopies have 
been performed on both molybdenum enzymes and on various model 
complexes to determine the Mo coordination sphere and 
electronic structure. However, EXAFS has failed to produce 
conclusive results which indicate the number of sulfur ligands. 
The use of MCD (magnetic circular diehroism) spectroscopy has 
an advantage over EXAFS in that the intense signals produced by 
paramagnetic compounds are not significantly affected by 
diamagnetic impurities in the Mo (V) systems.18 Also, since MCD 
can be used on both diamagnetic and paramagnetic compounds, Mo 
compounds can be studied in their different oxidation states by 
the same method.18 Thus this method is more versatile than that 
of EPR.
The passage of plane polarized light through an optically 
active medium results in an unequal refraction of left and
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right circularly polarized light. 19 Circular dichroism is 
measured as the difference in the absorption of left (-) and 
right (+) circularly polarized light as a function of 
wavelength and depends upon the chirality of the medium. 
However, materials which possess no natural circular dichroism 
can exhibit such in the presence of a magnetic field. 19,20,21 An 
MCD spectrum gives information about the electronic transitions 
which cause light absorption and about the corresponding 
electronic states. 22 Transitions which are electronically 
forbidden or obscure may be quite clear in the MCD spectrum and 
provide additional information for deducing the energy levels 
of a molecule or ion. 19
Magnetic circular dichroism (MCD) depends on the 
differential absorption of left and right circularly polarized 
light by different components of a degenerate state split by 
the Zeeman effect in a magnetic field. 19 This results in 
elliptically polarized light with ellipticity being measured 
by the ratio of the minor and major axes of the ellipse, which 
relates to the amplitudes of the circular components (Figure 
2 ) . 21 Left circularly polarized light induces a transition in 
which Am| ~ -i, while right circularly polarized light induces 
a transition in which Am +1 . 19 A transition from a non­
degenerate ground state to a degenerate excited state results 
in an ellipticity curve with a derivative shape (independent of
Figure 2. Elliptical polarization, specified by the angle 
resolved into coherent^right and left circular polarizations of 
different amplitudes.
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temperature) and is known as an A term (Figure 3, Part i).l9-K22 
If the ground state is degenerate and the excited state is non­
degenerate, there will be a Boltzmann distribution of the 
Zeeman levels of the ground state resulting in a temperature 
dependent C term with a positive ellipticity curve (Figure 3, 
Part II) . 19 Thus C terms depend both on field-induced 
population shifts among the Zeeman components of the ground 
state and the differential absorption of left- and right- 
circulariy polarized light. 23 A temperature-independent B term 
results not from the splitting of degenerate states but as a 
mixing of electronic states by the magnetic field and is 
present in all molecules , 22 making MCD a universal phenomenon. 23
A subset of the C term transition arises from transitions 
between degenerate ground and excited states and is known as 
the pseudo-A term, having a similar ellipticity curve and 
temperature dependence to that of the C term (Figure 3, Part 
III) . 19,23 These terms arise from overlap of two bands due to 
a near-degeneracy in either the ground or excited state . 23 
Analyses of MCD spectra provide evidence of the degeneracy of 
electronic states and thus assists in band assignments and 
molecular orbital analyses . 19
Part I. A) Transition for S -* 1P with and without the field. 
B) Spectra for left and right circulary polarized radiation. C)
Observed MCD spectrum; A term behavior.
Part II. A)Transition for ZB2 - 2Ar B) Spectra for left and 
right circulary polarized radiation. C) Observed MCD spectrum; 
C term behavior.
a b c
Part III. AJTransition for 2B2 - 2E. B) Spectra for left and 
right circularly polarized radiation. C) Observed MCD spectrum; 
pseudo A term behavior (temperature dependent).
Figure 3. Eneray transitions and corresponding spectra for MCD 
Faraday terms.
IV. Experimental
A. Preparation of Materials
All syntheses were carried out in dry, degassed solvents 
under vacuum or under an atmosphere of argon purified by 
passage over chromium on a silicon support, using standard 
Schlenk techniques. Solvents were of reagent grade and dried 
by standard techniques. Tetrahydrofuran (Fisher) was distilled 
over sodium benzophenone. Acetonitrile (Baker) and methanol 
(American Scientific) were distilled ovei CaH2. Carbon 
tetrachloride (Matheson, Coleman and Bell) was distilled over 
P205. Tri.chylamine (Aldrich) and thiophenol (Aldrich) were 
distilled over molecular sieves. Thionyl chloride (Fisher) was 
redistilled prior to use.
Molybdenum (V) pentachloride (Aldrich), tetraethylammonium 
biomide (Aldrich), lithium aluminum hydride (Alpha Products), 
diethyl ether (Fisher), 2,4,6-triisopropylbenzenesulphonyl
chloride (Aldrich), sulfuric acid (Mallinckrodt), magnesium 
sulfate (Fisher), molybdenum (VI) oxide (Aldrich), lithium 
(Aldrich), ethanol (Midwest), and tetraphenylarsenium chloride 
(Aldrich) were all used without further preparation.
C. Syntheses of Compounds
Preparation of Tetraethylammonium Tetrakis(benezene- 
thiolato)oxomolybdate (V) (Scheme I, Figure 4) ,25 Cold
13
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Scheme I. Preparation of [NEt4] [MoO(SPh)4].
3 THF + MoCls - M0OCI3 (THF) 1
(1 )
MoOC13(THF) 2 + 4PhSH + 4NEt3
[MoO(SPh)4]' + 4 NEtjHf + 3 Cl' + 2 THF
(2)
[MoO(SPh)4]' + NEt4Br - [NEt4] [MoO(SPh)4] + Br'
(3)
Scheme II. Preparation of [AsPh4] [MoO(S-2,4,6-iPr3-Ph)4].
a) Preparation of 2,4,6-iPr3-C6H2-SH.
UAIH4 + 2 , 4 , 6 - i P r 3C6H,S0 2C l  -  2 , 4 , 6 - i P r 3C6H2-SH
(4)
b) Preparation of MoOC14.
Mo03 + 2 S0C1, - MoOC14 + 2 SO-.
(5)
c) Preparation of [AsPh4] [MoO(S-2,4,6-iPr3-Ph)4].
2,4,6-iPr3C6H2-SH + Li - 2,4,6-iPr3C6H2S'Li +
5 (2,4,6-iPr3C6H2S'Li4* + MoOC14 - [MoO(S-2,4,6-iPr3-Ph)4]'
[MoO(S-2,4,6-iPr3-Ph)4]' + AsPh4Cl -
[AsPh4] [MoO(S-2,4,6-iPr3-Ph)4}
(6 )
Figure 4. Chemical equations: Scheme I and Scheme II.
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tetrahydrofuran (12.5 mL) was added to molybdenum (V) 
pentachloride (2.51 g, 9.19 mmol) with vigorous stirring in an 
ice-salt bath. The solution was quickly filtered and the 
filtrate reduced in volume. Carbon tetrachloride (7.5 mL) was 
then added and the mixture cooled in a freezer over 2 days. 
The green solid was filtered, washed with CC14, and dried in 
vacuum to give green crystals of (1). HoOCl3(thf) 2 (0.31 g, 
0 . 8 6 mmol) was combined with acetonitrile (25 mL) . 
Triethylamine (0.45 mL) and thiophenol (0.30 mL) were dissolved 
in acetonitrile (2.5 mL) and the solution added dropwise to the 
Mo solution to give a deep blue coloration indicative of (2). 
The solution was filtered, reduced in volume, and NEt4Br 
(0.2043 g, 0.9911 mmol) in methanol (5.0 mL) added dropwise to 
give deep blue crystals of (3). The product was filtered, 
washed with methanol and dried under vacuum. Recrystallization 
was effected in 3 mL of acetonitrile (reduced to 2 mL) with the 
addition of methanol (1.5 mL) . Anal. Calcd: C, 56.60; H, 
5.94; N, 2.06; Mo, 14.13; S, 18.89. Found: C, 56.46; H, 5.93; 
N, 2.62; Mo, 13.35; S, 17.74.
Preparation of 2,4, 6-triisopropylthiophenol (Scheme Ila, 
Figure 4) .26 Lithium aluminum hydride (5.0680 g, 0.13354 mol) 
was added to diethyl ether (45 mL) in a three neck round bottom 
flask fitted with a dry ice condenser and addition funnel. The 
condenser was charged with dry ice and acetone and the addition 
funnel was charged with a solution of 2,4,6-triisopropyl-
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benzenesulphonyl chloride (18.005 g, 0.059450 mol) in diethyl 
ether (70 mL). The sulphonyl chloride solution was added 
dropwise with stirring and the flask was suspended in an ice 
water bath. When the addition was complete, 2.4098 g (0,063499 
mol) of LiAlH4 were added and the mixture t.fluxed at 55-60°C 
for 5 hrs. An additional 100 mL of ether was added during 
reflux because of solvent evaporation. Methanol (37 mL) was 
added dropwise to quench any excess hydride and the slurry 
poured into ca. 350 mL of iced water, then acidified with 2M 
H2SO4 (20 mL) . The formation of a an extremely viscous grey 
slurry necessitated filtration and extraction of the aqueous 
layer with ether (50 mL X 4) . The ether extracts were combined 
and dried over MgS04. Rotary evaporation of the solvent 
yielded a slightly yellow oil which was vacuum distilled at 
130-135°C to give (4) as a clear, colorless oil.
Preparation of Tetrachlorooxomolybdate (VI) (Scheme lib, 
Figure 4) ,27 Molybdenum (VI) trioxide (3.7010 g, 25.712 mmol) 
was placed in a Schlenk flask equipped with a reflux condenser 
and thionyl chloride (40 mL) was added. The pale green 
solution was refluxed for ca. 1 hr and gradually became deep 
red in color. The solvent was vacuum evaporated to yield a 
dark green solid. A finger sublimator tube was placed in the 
flask and the solid was sublimed under vacuum at 70-75°C to 
give dark green needle-like crystals of (5).
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Preparation of Tetraphenylarsenium tetrakis(tri~ 
isopropylbenzenethiolato)oxomolybdate (V) (Scheme iic, Figure 
2,4,6-Triisopropylthiophenol (0.4762 g, 2.014 mmol) was 
dissolved in tetrahydrofuran (20 mL) and lithium (0.0165 g, 
2.38 mmol) was added with ethanol (3 mL) . The pale yellow 
solution was stirred for ca. 3 hrs and the solvent vacuum 
evaporated to give a pale yellow solid. To this was added 
acetonitrile ( 1 0 mL) to give a light yellow solution. 
Tetrachlorooxomolybdenum (VI) (0,102 g, 0.403 mmol) in 
acetonitrile ( 1 0 mL) was added to the thiophenol solution to 
give a dark blue color. The mixture was refluxed for 1 hr at 
80-90°C, then cooled and filtered. Tetraphenylarsenium 
chloride (0.1172 g, 0.280 mmol) in acetonitrile ( 1 0 mL) was 
added to precipitate the anion. The solution was concentrated 
to ca. 20 mL and stored in a freezer overnight. The solution 
was filtered to give dark blue crystals of (6 ). Anal. Caled: 
C, 70.21; H, 7.8C; N, 0.00; Mo, 6 .6 8 ; S, 8.93. Found: C,
58.42; H , 7.31; N, 0.76; Mo, 4.74; S, 6.69.
C. Instrumentation
MCD spectra were recorded on an MCD spectrometer 
constructed by Dawn Sabel (Figure 5) . " 4 A xenon arc light 
provides the light source which is separated by a Cary 14 
monochrometer and linearly polarized with a Rochon polarizer. 
The beam is then passed through a h waveplate modulator to
18
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Figure 5. Schematic diagram of MOD spectrometer 24
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produce circularly polarized light which is focused onto the 
sample in the magnetic field and collected by a photomultiplier 
tube. The HOD signal is isolated by a lock-in device after 
being electronically filtered and multiplied. The signal is 
sent to a computer monitor where the spectrum can be displayed 
and stored for printing or mathematical manipulation. All MOD 
spectra were recorded as Nujol mulls at a temperature of 4.2K 
in the 10,000 - 40,000 cm' 1 range and at magnetic fields of 2, 
4, and 6 Tesla.
Visible spectra were recorded as MeCN solutions at 2 5°C on 
a Varian 2300 Spectrophotometer and digitized on a Raster 
Digitizing System. Mathematical manipulation by Dawn Sabel 
resulted in visible spectra with axes scaled to the MCD 
spectra.
V. Results and Discussion
A, Previous Studies of Mo (V) Compounds
Investigation of the electronic structure of oxomolybdenum 
(V) compounds began with an examination of the electronic and 
reflectance spectra of molybdenyl ions (MoO34) in HC1 
solutions. 28,29 Interpretations of these spectra were based on 
the molecular orbital diagram for the electronically equivalent 
vanadyl ion (VO2 *) , presented in an earlier paper . 28,10 A 
comparison of vanadyl and molybdenyl spectra led to the 
conclusion that the d electron in Mov complexes occupies the dn 
orbital, resulting in a 2B2 ground state. 28,30 Excited states 
may be divided into two classes: 1 ) those involving promotion
of an electron from the primarily non-bonding dAy orbital to one 
of the antibonding d orbitals; and 2 ) those involving promotion
of non-bonding n electrons into the b*, orbital. 28 The former*»
are ligand field (d -* d) transitions and the latter are charge 
transfer transitions.
Because the early work focused on solutions of Mo (V) 
compounds involving the molybdenyl ion, considerable oxygen-to- 
lietal tr-bonding seemed to be the dominant feature of the 
electronic structure of d1 oxycations. 29 However, subsequent 
studies30*31*32 revealed that in the Mov compounds, the electronic 
spectra are actually dominated by charge transfers from the
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axial ligands. So and Pope showed30 that charge transfer 
energies for oxomolybdenum compounds can be directly related to 
optical electronegativity differences between the metal and 
ligand involved. The ligand charge transfer energy was 
calculated for d1 oxo compounds by choosing the ligand with the 
smallest electronegativity [ (0 = 3.44; Cl * 3.16; Br * 2.96)33]. 
The good agreement between the calculated and experimental 
values verified the conclusion that the ligand charge transfer 
band comes from the non-bonding and bonding orbitals which are 
mainly ligand in character and lying closely below the b2 
orbital. This finding was further verified by examinations of 
electronic structures of the ground and excited states of 
[MoOX4]‘ (X = Cl, Br) . 11,32 Th< molecular orbital diagram of the 
(MoO(SAr)4]’ compounds under investigation here (Figure 6 ) was 
based on that of the [MoOX4]* compounds derived by Levason, et 
al . 32 Evaluation of the MCD spectra of the benzenethiolato 
compounds, in conjunction with visible spectra, permitted the 
assignment of allowed transitions and derivation of the 
molecular orbital configuration.
B* MCD Selection Rules18*34
As mentioned previously, there are 3 possible Faraday 
terms (A, B, C) that arise in MCD spectra (Figure 3) . In order 
to make proper band assignments for electronic transitions
22
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Figure 6 . Molecular orbital diagram for [MoO(SAr)4]’ compounds.
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corresponding to these terms, MCD selection rules must be 
applied. Allowed transitions occur when the ground and/or 
excited state possess non-zero angular momentum. 19,14 Left 
circularly polarized light induces transitions with Am( = - 1  and 
right circularly polarized light induces transitions with 
* +1 . 19 Expressed in terms of wave functions: * 0;
where is the ground state wave function, is the excited 
state wave function, and 6 is the electric dipole operator. 
Group theory can be conveniently employed to evaluate this 
integral thus: r^, X T(% X = rA1; where r is the irreducible
representation for the corresponding state/operator, and Aj is 
the totally symmetric electronic state.
The compounds under investigation here have C4v symmetry 
with a “B2 ground state. The possible transitions are:
2fi: “*
“Bn “♦ ~A*>
*» *■
~B2 ”♦
•V~B*> - ~B,*" *•
-b2 - fcE
An evaluation of these transitions by application of Group 
Theory using C4v symmetry tables reveals that there are two 
possible transitions: 1) 2B2 “E, and 2) 2B2 2B2. However, 
those transitions which are electric dipole forbidden may show 
up clearly on MCD spectra due to vibronic interactions and spin
24
orbit coupling. 19 In order to incorporate spin orbit coupling, 
double group calculations are employed to determine the sign of 
the terms (positive or negative).
First, the ground state must be resolved into its two 
components (spin and orbital) to convert to C 4v symmetry: Tspm
(C4v) X rorhitaJ (C4v) * rg (C4v). m  our system: r4 x r6 * r7 (c'4v
ground state). By using group theory multiplication tables, 
the possible excited states in C 4v symmetry are r6 and r7, 
giving two possible transitions: r7 -  r6 and r7 -  r7. However,
when a magnetic field is invoked, it becomes necessary to 
descend in symmetry to C 4.
Conversion of the r7 ground state in C 4v to C 4 results in
i:w:; ■
; a ground state of F8 as determined by evaluation of symmetry
1  1 bases. The possible excited states in C 4 symmetry are: r $,
;/ r 6, r 7, and r g. Using multiplication tables the possible
transitions are:
i l l ; ( i )  r„ x r 5 = r :
Ilf: (2 ) r 8 x r 6 = r ,
O ) r 8 x r 7 - r,
■ :lfr (4) r 8 x r 8 = r 4
As only a linear combination of x and y in the symmetry 
bases will produce transitions which rotate light, only (2 ) and 
(4) are allowed. An examination of symmetry and multiplication 
tables reveals that the transition r8 -• r6 will produce negative
25
Table I. State transitions for [MoO(SAr)4]\compounds24
Symmetry
State
Transition
Polarization*
xy z Term
c 4v
*®2 - 'Al F(E) F(B2) - c
2b, - 2a , *» F(E) F(Bj) - C
Bj -* “B j F(E) F + C
2b2 - 2b2 F(E) A(Aj) -■ C
2b, -» 2e *• A(A,, B|, B2) F(E) + C
C'4v
r7 - r6 A(A|, B|, B2, E) F(B,,B2,E)
. .
r7 - r7 A (Aj, B|, B2»E) A(A,,E)
/ . .. 
i". 2e r6 + r7 f5 + r6 + r7 + r,
I f 2b ,, 2b2 - r7 r7 + Fg
tiV- 2a , , 2a 2 r6 f5 ♦ r6
C4v C 4 v c 4
* F * Forbidden, A Allowed. States in parentheses indicate 
vibrational modes which would make the transition allowed.
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terms (negative absorption curves) and the rg - rg transition 
will produce positive terms (positive absorption curves). An 
E state would produce a combination of positive and negative 
terms resulting in a derivative curve. Table I. lists the 
state transitions in the corresponding symmetry groups. 
Because of the degenerate ground state of the [MoO(SAr)4]' 
compounds, their MCD spectra should be dominated by C term 
behavior (A,, A2, B,, B2 excited states) with one or two A terms 
(E excited states).
C. Analysis of MCD and Visible Spectra
Molybdenum (V) compounds characteristically have intense 
colors due to optical transitions in the 500-700 nm region of 
the spectrum. 25,35 MOD spectra help to elucidate the ligand 
field transitions of these compounds, which are lower in 
intensity and therefore masked by the optical (charge transfer) 
transitions, 25 35 EPR spectroscopy and X-ray crystallography 
have verified a square pyramidal arrangement of ligands around 
the Mo center in all [MoO(SAr4))‘ compounds. 12,35 studies have 
verified the presence of an apical oxo group and 4 sulfur atoms 
in axial positions (Figure 7). The oxygen atom is a 
cylindrically symmetric tr-donor and occupies the apical 
position to maximize interactions with the Mo dx, and dv, 
orbitals. 36 Though the actual structure of these systems is
27
0
SAr
SAr
Figure 7. Structure of [MoO(SAr)4]‘ (Ar » Ph, Ph-iPr3.
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somewhat distorted from square pyramidal14, they will be treated 
in this report (as in others) as exhibiting C4v symmetry.
As mentioned previously, these d1 complexes exist in a 
ground state with the unpaired electron in the df^, orbital* 
With this degenerate ground state (Ams * ± H) t we would 
anticipate (and do see) C term dominance* Comparisons and
contrasts are here made of the spectra of the (HoO(SAr4) ]' 
compounds (Ar ® Ph, iPr3-Ph) with each other and with those of 
the [MoOX4]’ compounds (X = Cl, Br) to illustrate certain 
distinctive features of each. Noting these features should aid 
in band assignments and the derivation of the molecular orbital 
diagram (Figure 6). Discussion and assignment of transitions 
for the four MCD spectra under examination here (Figure 8, 
Table II) will involve the use of a common numbering scheme to 
facilitate comparison.
The first point to be noticed (Figure 8, Table II) is the 
general shift of transitions to lower energies (red shift) in 
the order: Cl - Br - SPh-iPr3 - SPh, as the ligands decrease
in optical electronegativity, x [{Cl * 3.16, Br ® 2.96, S * 
2* 58)33]. The greater the difference in x between metal and
ligand atom, the greater the separation between orbital energy 
levels.33 Therefore as the electronegativity difference 
decreases, orbital transitions are shifted to lower energy*
As earlier noted, X-ray diffraction studies of
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Figure 8. MCD and visible spectra for [NoOX4]' and [MoO(SAr)4J‘ 
compounds.24
Table II. MCD and visible data for (MoOX4]'* and (MoO(SAr)4] 
compounds*
A. MCD spectra of [MoOX4j. and [MoO(SAr)4]* compounds
Band MoOC14’ MoOBr4’ MoO(S-iPr3Ph)4’ MoO(SPh) 4“
Ih 14,400 12,300 11,200 „„.c
II 22,750 — — —
III 27,500 20,800 14,000 13,500
IVh 31,500 23,750 17,750 17,000
V — 27,240 20,000 —
VI — 30,260 22,500 20,500
VII — 32,360 25,000
v m b — - — • 29,000 —
IX —  - — — 28,000
X --- — — 31,750
XI — -— — 34,500
*A11 enuirgies are given in cm'1. bEnergy at inflection
point. cNo transition or unassigned.
B. Visible spectra of [MoO(SAr)4]‘ compounds'1
Band HoOfS-iPrjPh)/ MoO(SPh)4‘
I 17, 750 17,000
II 29, 000 2!9,500
dAbsorption maxima*
[Ph4As][HoO(SPh)4] crystals revealed that the [MoO(SPh)4]‘ ion 
is significantly distorted away from C4v symmetry,14 verifying 
the conclusion of an earlier study based on EPR and EXAFS 
spectroscopies,37 The results of these X-ray studies indicated 
a O-Mo-S mean angle of 109.9 (± 0 . 9) ° ,  causing the Mo atom to 
be displaced 0.82 A above the basal plane of the sulfur atoms.14 
The bulkiness of the ligand in comparison to the X' ligand (X 
* Cl, Br) may account for the fact that displacement is much 
greater for the [MoO(SPh)4]' ion than for the [MoOX4]‘ ion,14 
Displacement of the Mo atom above the ligand plane may also 
result in weakened Mo-S bonds and contribute to the red shift 
of its electronic and MCD spectra.
Displacement of the Mo atom may also impact the reactivity 
of molybdoenzymes. It has been shown that oxo transfer 
reactions are associated with the redox chemistry of these 
enzymes in the +6 oxidation state.6 Model complexes of 
dioxomolybdenum (VI) show enhanced reactivity for oxo transfer 
due to the presence of thiolato ligands.6 Binding of the soft 
S ligand to Mo results in a longer Mo-0 bond length and hence 
weaker bond energy.14 This fact, together with the position of 
the Mo (and therefore the oxygen) atom above the ligand plane, 
may contribute to its increased reactivity over that of non- 
thiolato compounds and have significant implications with 
respect to the steric environment of the native enzymes.
At first glance, the order of the general energy shift may 
seem to be reversed for the [MoO(SAr)4]' compounds. The
presence of electron-donating substituents on the phenyl ring 
would be expected to shift the sulfur 3p -* metal 4d charge 
transfer bands to lower energy . 12,35 However, the sterically 
hindered thiolates with their isopropyl groups shift these
bands to higher energy (see Table II) . 6,12 In particular, the 
ortho substituents of the phenyl rings prevent metal-ligand 
conformations in which the sulfur 3p lone-pair orbital is 
conjugated with the aromatic ring. 6,12
Band I in the [MoO(S-2,4#6-iPr3Ph)4]’ spectrum (11,200 
cm’1) has a derivative shape, indicating a pseudo A term, and 
is assigned to the 2b2* - 6e* (2B2 - 2E) ligand field transition. 
It will be noticed that this band occurs at lower energy than 
the (WoOX4)' compounds and is weaker in intensity, in keeping 
with the general trend already noted. Band II in the [HoOCl4]’ 
spectrum (22,750 c m 1) is a weak, positive C term and has been
assigned to the ligand field transition 2b2* - 4bj* . 24 The
absence of this band in the [MoOBr4]* and [MoO(SAr)4]’ spectra 
may be due to its weak intensity or a shift into the infrared 
region of the spectrum.
The presence of a positive peak (Band III) cent6*'*** at 
14,000 car1 suggests a positive c term and is assigned to a 
2B2 -♦ 2B| charge transfer transition (3bj - 2b2*). The intensity
of the peak is similar to that of [MoOCl4]* but greater than 
that of the Br analog. In each of these three cases a dominant 
derivative-shaped curve (pseudo A) is assigned to a charge 
transfer of 2B2 - 2E (5e - 2b/) . In the case of [MoO(S-2,4,6- 
iPr3Ph)4)', the inflection point of this curve coincides with 
the absorption maxima of Band I in the visi ble spectrum (Figure 
8 ). As expected, each curve is shifted according to the 
general trend of ligand coordination. It will also be noticed 
that in each case Band III appears as a shoulder, lying close 
to Band IV. This may be due to the presence of a negative peak 
that overlaps the two bands. If this were shown to be the 
proper interpretation, it would imply that Band III is actually 
the positive peak of a derivative curve, indicating a pseudo A 
rather than a positive C term and would lead to a different 
assignment. Further studies would have to be done to verify 
the true nature of this transition.
Band V appears to be a positive peak (positive C term) 
centered at 20,000 c m 1, indicating a 2B2 2Bj or 2B2 transition. 
This band is absent in the (WoOCl4)‘ spectrum and is only 
slightly visible in that of [MoOBr4]' at 27,240 cm*1. It is 
possible that this is a ligand field transition from 2b2* to 
4bj*, but this would be a departure from the general trend to 
low energy shifts. This assignment has been made in the case 
of [MoOC14)V at 22,750 cm*1, and it may be that the presence of
the bulky iPr3 groups shift the energy of the transition only 
slightly in the case of [MoO(S-2,4,6-iPr3Ph)4)\ However, this 
would imply that the corresponding peak in the [MoOBr4] 
spectrum is higher in energy, at 27, 240 cm'1, which is contrary 
to the softer nature of the Br atom. Equally unlikely is the 
transition from the bonding lb2 orbital, placing the energy of 
this transition in a lower range than that of the non-bonding 
sulfur 3p orbitals. Further studies would need to be performed 
before a conclusive assignment could be made.
A negative peak (Band VI) centered at 22,500 cm ' 1 is 
assigned to the charge transfer transition la2 - 2b2* and is 
positioned at 3 0,260 cm' 1 in the spectrum of (MoOBr4]*. Band VII 
is assigned to the 5aj 2b2* transition in the case of both the 
thiolato ligand and the bromide ligand and suggests a negative 
C term. Both Bands VI and VII are absent in the [MoOC14]# 
spectrum and may be due to their being shifting to higher 
energies. Band VIII is a derivative curve with inflection 
point at 29,000 cm'1, corresponding to a band maxima in the 
visible spectrum. This is assigned to the 4e - 2b2* transition 
and is unique to the triisopropylthiolato compound.
There are several distinctive features to the (MoO(SPh)4]‘ 
MCD spectrum, though the order of Its orbital energies seem to 
follow that of the other thiolato compound, as will be shown. 
The first point to be noted is the apparent absence of any
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ligand field transition terms. There is no baseline crossing 
in the low energy region of the spectrum which would indicate 
the 2b2* 6e* transition noted in the other three spectra. 
Because of the general trend of this compound's transition 
energies to be shifted to lower energy than those of the other 
three compounds, it is suggested that this band (Band I) has 
shifted to the infrared region, as has Band II.
The positive C term centered at 1 3 , 5 0 0  c m 1 (Band III) is 
a charge transfer transition of 3b? 2b?* (:B2 - :Bj) and is 
common to all of the spectra, though at lower energy. rt will 
be noticed that this peak is considerably broader than those of 
the other compounds and may be due to overlap with Band IV. 
Band IV is a reverse derivative with baseline crossing at 
17,000 cm'1, corresponding exactly to the absorption maxima of 
Band II in the visible spectra (Table II). This band is 
assigned to the 5e -* 2b2* charge transfer transition common to 
all the spectra examined. The reverse derivative shape of Band 
IV indicates that the nature of the degenerate state is such as 
to give a Zeeman splitting opposite to that shown in the other 
spectra,58 though the cause of this type of spl itting is not 
known. It will also be noticed that Band V of the [MoO(S- 
2 ,4,6«*iPr3ph)4]* spectrum is absent here as in the other 
compounds, making it unique to that system. Its absence, 
though, may be due to overlap with Band IV and may explain the
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exaggerated positive peak of  that band.
The negative peak centered at 20,500 cm 1 is assigned to
t h e  “Bj -* “E (1 a , -  2b / } t r a n s i t i o n  and i s  a n e g a t i v e  C ter m .  
The 5r-. j -  2b/ t r a n s i t i o n  (Band Vi j ) e v i d e n t  in t h e  Other  
s p e c t r a  i s  not  c l e a r l y  shown h e r e  and may be due t o  ah 
i n t e n s i t y  which i s  i n s u f f i c i e n t  t o  be o b s e r v e d .  Some b a s e l i n e  
drift was e x p e r i e n c e d  dur ing  t h e  c o u r s e  o f  r e c o r d i n g  t h e  
v a r i o u s  s p e c t r a  and may o b s c u r e  a weak n e g a t i v e  peak t h a t  would 
o t h e r w i s e  be ob se rv e d .
An e x a m i n a t i o n  of  EPR data  on [MoO{SPh)4 j in c o n j u n c t i o n  
w i th  r e l a t i v e  i n t e n s i t i e s  and s o l v e n t  e f f e c t s  on e l e c t r o n i c  
a b s o r p t i o n  band maxima, has led  t o  t h e  band a s s i g n m e n t s  l i s t e d  
b e l o w . 39
Band maxima.(cm !..) T r a n s i t  i on
3 0 . 8 0 0  i ( B : ) * -  v' (B ) *
34.800 ^ (B |) * - v (B2)-
The band reported at 30,800 cm*1 would correspond to our Band 
II (Figure 8) of the visible spectra, centered at 29,500 cm*1. 
As the MCD spectrum shows, this broad band is resolved into two 
positive bands at 28,000 and 31,7 50 cm*1 which are assigned to 
the lb2 -* 2b2* (Band IX) and 2b2* - 4bj* (Band X) transitions, 
respectively. Band XI is a positive C term peak centered at 
34,500 cm*1 and is assigned to the 2b, - 2b-/ transition, 
corresponding to the visible band at 34,800 cm0 given above.
Molecular orbital coefficients for {MoO(SPh)4]' obtained 
from EPR studies show that the in-plane ir-bonding electrons are 
delocalized onto the sulfur atoms and that the unpaired 
electron lies in the metal-ion 4dxx orbital.39 This would 
indicate that the 2b: orbital is indeed antibonding. 
Additionally, these values indicate that a and out-of-plane tr- 
bonding electrons are delocalized away from the sulfur atoms 
into the 4dx2x2, 4dxyt and 4c*\; orbitals of the metal ion.39
This may provide an explanation for the appearance of 
bands (IX and XI) associated with transitions from bonding 
sulfur p orbitals (2b1# lb2) which would normally be considered 
too low in intensity or to high in energy to be observed. 
Again, the shifting of this spectra to lower energy permits the 
observance of this band which is not seen in the other three 
spectra. This delocalization of metal d orbitals onto sulfur 
atoms and of sulfur p orbitals onto the metal center could also 
account for the appearance of a ligand field transition band 
(X) in a region normally characterized by charge transfer 
bands. Thus the ligand field transition is higher in energy, 
and the charge transfer transitions lower in energy, than would 
be anticipated for other Mov systems (e.g. [MoOX4]').
It is interesting to note that a visible absorption peak 
maxima occurs at 29,500 cm"1, which is the position of a curve 
minima located between the two positive bands IX and X on the
37
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MOD spectrum. This absorption maxima would normally suggest an 
inflection point in a derivative curve, indicating a state 
transition of 2B2 -* 2E. Though this would be in keeping with 
the band assignment in the tWoO(S-2 ,4 #6«iPr3Ph)4]* spectrum 
(Band VIII) / there is no crossing of the baseline be tween these 
two peaks and no negative peak evident. The absence of Band 
VIII in this spectrum may be due to overlap with the two 
positive peaks (Bands IX and X) and its presence may be implied 
in the visible absorption maxima.
Based on the above interpretations a molecular orbital 
diagram was constructed, as given in Figure 6. It should be 
noted that although promotion of an electron into the 2b2* 
orbital common to all charge transfers would result in excited 
state repulsion energies, these were not considered in the 
derivation of this diagram.
Analysis of MCD spectra of [MoO(5Ar)4)‘ spectra in 
comparison with those of [MoOX4]~ systems has shown a general 
trend of a low energy shift in the order: [MoOC14]’ [MoOBr4]'
- t v m (S-2,4,6-iPr3Ph)4)• - CMoO(SPh)4 ] \ The major factor in 
this red shift has been demonstrated to follow the decrease ih 
electronegativity of the axial ligand atoms. The bulkiness of 
the thiolato ligands also lends to this shift, though the 
sterically hindered triisopropylthiolato ligand causes a shift 
to higher energy due to the restrictions on metal-ligand 
conformations. The (primarily) non-bonding and bonding sulfur 
p orbitals in the thiolato compounds have bet n shown to be at 
different energy levels than those of their [MoOX4]‘ 
counterparts. Delocalization of metal d orbitals onto the 
sulfur atoms and of sulfur p orbitals onto the metal center has 
been offered as the cause of chis rearrangement.
The softness of the sulfur atom has been proven to cause 
a lengthening and weakening Oi. the Mo-0 bond and may be implied 
in a geometrical displacement of the Mo atom above the basal 
plane of the ligands. The bulkiness of the thiolato groups may 
also contribute to the latter. These factors may have 
significant implications for the redox oxo-transfer reactions 
of the native enzyme•
Further MCD studies on these compounds could verify the
VI. Conclusion
presence/absence of ligand field transitions in the low energy 
region of the [MoO(SPh)4]‘ spectrum and may help in conclusive 
assignments for some of the charge transfer bands of both 
compounds, especially Band v.
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